. 67:4651-4658, 1993). The exonuclease hydrolyzed both double-and single-stranded DNA substrates with 3'-to-5' directionality, releasing deoxyribonucleoside 5'-monophosphates. The double-strand exonucleolytic activity catalyzed by the BALF5 polymerase catalytic subunit was very sensitive to high ionic strength, whereas the single-strand exonucleolytic activity was moderately resistant. The addition of the BMRF1 polymerase accessory subunit to the reaction enhanced the double-strand exonucleolytic activity in the presence of high concentrations of ammonium sulfate (fourfold stimulation at 75 mM ammonium sulfate). Optimal stimulation was obtained when the molar ratio of BMRF1 protein to BALF5 protein was 2 and higher, identical to the values required for reconstituting the optimum DNA polymerizing activity (T. Tsurumi, T. Daikoku, R. Kurachi, and Y. Nishiyama, J. Virol. 67:7648-7653, 1993). Furthermore, product size analyses revealed that the polymerase catalytic subunit alone excised a few nucleotides from the 3' termini of the primer hybridized to template DNA and that the addition of the BMRF1 polymerase accessory subunit stimulated the nucleotide excision several times. In contrast, the hydrolysis of single-stranded DNA by the BALF5 protein was not affected by the addition of the BMRF1 polymerase accessory subunit at all. These observations suggest that the BMRF1 polymerase accessory subunit forms a complex with the BALF5 polymerase catalytic subunit to stabilize the interaction of the holoenzyme complex with the 3'-OH end of the primer on the template DNA during exonucleolysis. On the other hand, challenger DNA experiments revealed that the BALF5 polymerase catalytic subunit alone stably binds to the primer terminus in a stationary state, whereas the reconstituted polymerase holoenzyme is unstable. The instability of the initiation complex of the EBV DNA polymerase would allow the rapid removal of the EBV DNA polymerase holoenzyme from the lagging strand after it has replicated up to the previous Okazaki fragment. This feature of the EBV DNA polymerase holoenzyme in a stationary state is in marked contrast to the moving holoenzyme complex tightly bound to the primer end during polymerization and exonucleolysis.
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Epstein-Barr virus (EBV) is a human herpesvirus with a linear double-stranded DNA, 172 kb in length (1) . EBV has both a latent state and a lytic replicative cycle in the nuclei of EBV-infected lymphoblastoid cells. During the latent phase of the EBV life cycle, the EBV genome is maintained as nucleosome-covered episomes that are replicated in synchrony with cell division (24) . OriP, the latent-phase replication origin of EBV, mediates this type of replication (25) . EBNAI protein is the only virally encoded protein required for replication of the episomal EBV genome, all other replication proteins being provided by the host cells (25) . However, after induction of the lytic phase of viral replication, EBV DNA replication proteins are induced and the EBV genome is amplified 100-to 1,000-fold. The replication product is a head-to-tail concatemer, which is synthesized via a rolling circle mechanism initiated from the lytic-phase replication origin, oriLyt (6) . Fixman et al. (5) determined exactly which EBV proteins are required for oriLyt-dependent EBV DNA replication by using transient FUNCTIONAL ANALYSES OF EBV Pol ACCESSORY PROTEIN 3355 sivity, which is a desirable feature in the synthesis of multiple copies of the EBV genome in rolling circle DNA replication (17) . The 3'-to-5' exonuclease activity associated with the EBV DNA Pol holoenzyme is proposed to have a proofreading function as it preferentially excises terminally mismatched nucleotides incorporated at the primer terminus (16) . The exonuclease activity is selectively inhibited by purin ribonucleotide 5'-monophosphates while the chain elongation activity is not affected, suggesting that the exonuclease-active site is different from the Pol domain in the EBV DNA Pol molecule (18) .
In investigations of protein-protein interactions between the subunits of the EBV DNA Pol holoenzyme, the overexpression and purification systems of the individual components have been developed by using a baculovirus expression system (19, 22) . The BMRF1 gene products exist as phosphorylated forms of 52 and 50 kDa and an unphosphorylated form of 48 kDa in recombinant baculovirus-infected insect cells, although the functional relationship of the phosphorylation is not yet known. The BMRF1 DNA Pol accessory subunits exhibit a greater binding affinity for double-stranded DNA but have neither DNA Pol activity nor exonuclease activity (19) . On the other hand, the BALF5 Pol catalytic subunit, a protein with a molecular mass of 110 kDa, is demonstrated to catalyze both DNA Pol and 3'-to-5' double-strand exonuclease activities (22) . However, the catalytic properties of the EBV Pol catalytic subunit alone are different from those of the EBV DNA Pol holoenzyme purified from EBV-infected lymphoblastoid cells in some respects: chromatographic behavior, salt sensitivity of the Pol and exonuclease activities, Pol processivity, and template-primer preference, etc.
In a previous report (21) , we compared the Pol activities catalyzed by the BALF5 Pol catalytic subunit in the presence and absence of the BMRFI Pol accessory subunit on short and long single-stranded DNA templates in order to assess the contribution of the BMRF1 Pol accessory subunit to the Pol activity of the EBV DNA Pol holoenzyme. The BMRF1 protein stimulated the polymerizing activity more than 10-fold compared with that of the Pol catalytic subunit alone on activated DNA template in the presence of 100 mM ammonium sulfate. Furthermore, although the processivity of the EBV DNA Pol catalytic subunit alone was low on singly primed M13 single-stranded DNA circles, the addition of the BMRF1 protein resulted in completely processive replication and the generation of full-length products. These observations suggest that the BMRF1 protein acts as a sliding clamp at the growing primer terminus to increase the processivity of the DNA Pol by decreasing the dissociation of the Pol from the 3'-primer terminus of the growing chain during polymerization.
In this article, we have further characterized the interaction between the EBV Pol catalytic subunit and the Pol accessory subunit. We show that the EBV DNA Pol catalytic subunit possesses a highly active exonuclease, which hydrolyzes singlestranded DNA with 3'-to-5' directionality, in addition to DNA Pol activity and 3'-to-5' double-strand exonucleolytic activity.
In an attempt to understand the role of the BMRF1 Pol accessory subunit in catalysis by the EBV DNA Pol holoenzyme, we have compared two associated hydrolytic activities of the BALF5 Pol catalytic subunit in the presence and absence of the BMRF1 Pol accessory protein. 3) . For the single-strand exonuclease assays (lanes 2 and 4), the same amount of heat-denatured activated DNA-[32P]dCMP was used.
Reaction incubation was at 35°C for 10 min and was terminated on ice by the addition of 2.5 p.l of 0.1 M EDTA. Twenty microliters of the reactions was transferred to tubes containing S p.l of a solution containing 10 mM dCMP and 10 mM dCTP as the marker. This mixture (3 ,ul) was spotted onto polyethyleneimine-cellulose sheets, and excision educts were resolved by ascending thin-layer chromatography with 1 M formic acid and 0.5 M LiCI (16 DNA substrates. Activated calf thymus DNA was prepared as described previously (17) . The oligodeoxynucleotides were synthesized by using a 380-A DNA synthesizer (Applied Biosystems) as described previously (17) ugation of the labeled oligonucleotide through a Chroma-spin 10 column. Analysis on 10% polyacrylamide DNA sequencing gels indicated that the labeled oligonucleotides were more than 95% pure. The 32P-5'-terminally labeled 29-mer was annealed to equimolar amounts of the 45-mer as described previously (17) and was used as the partially double-stranded DNA Purification of the EBV DNA Pol catalytic subunit and the Pol accessory subunit. The EBV DNA Pol catalytic subunit was purified from cytosolic extracts of recombinant baculovirus AcBALF5-infected Sf9 cells essentially as described previously (22) .
The EBV DNA Pol accessory subunit was prepared from nuclear extracts of recombinant baculovirus AcBMRFI-infected Sf9 cells as described previously (21) .
Enzyme assay. The 3'-to-5' double-strand exonuclease activity was routinely assayed by measuring the release of [3H]dGMP from 3'-terminally labeled activated DNA [3H]dGMP as described previously (22) . Each reaction mixture (25 Ill) contained 50 mM Tris-HCl (pH 8.0), 10% glycerol, 6 mM MgCl2, 100 .Lg of bovine serum albumin (BSA) per ml, 1 After electrophoresis, the gels on the sequencing glass plates were directly exposed to Fuji RX X-ray film at -80°C overnight.
RESULTS
EBV Pol catalytic subunit possesses intrinsic single-and double-strand exonucleolytic activities and generates dNMPs. As described previously (22) , the EBV DNA Pol catalytic subunit (BALF5 protein) was expressed in AcBALF5-infected Sf9 cells and purified to near homogeneity. The purified BALF5 protein possessed an exonuclease which attacks double-stranded DNA with 3'-to-5' directionality (22) . In order to characterize the nuclease activity in detail, we have analyzed terminally excised educts from the 3'-end-labeled, single-and doublestranded DNA substrates. The exonuclease assays were carried out in the absence of deoxyribonucleoside 5'-triphosphates (dNTPs). 3-Terminally labeled activated DNA [32P]dCMP was used as the DNA substrate for the double-strand exonuclease assay. For the single-strand exonuclease assay, the DNA substrate was heat denatured before the assay so that the same concentration of DNA was present as in the study of the double-stranded exonuclease. The as the DNA substrate as described in Materials and Methods, except that the reaction mixture contained 75 mM ammonium sulfate. The BALF5 protein (50 ng) and the indicated amounts of the BMRFI protein were mixed and preincubated at 0°C for 20 min, and then the reactions were carried out for 6 min at 35°C as described in Materials from both substrates were analyzed by thin-layer chromatography on a polyethyleneimine-cellulose plate (Fig. 1) . The exonucleolytic educts formed by the EBV Pol catalytic subunit were dCMP, which was excised from the single-and double-stranded DNA substrates. Less mobile dinucleotides were not detected at all. Threefold amounts of dCMP were excised from the singlestranded DNA substrate compared with those from the doublestranded DNA substrate as determined by counting the excised educts. The DNA Pol and both nuclease activities eluted as coincident peaks during the final two column steps employed in purification (data not shown). Therefore, in addition to doublestrand hydrolytic activity, the purified BALF5 protein possesses an active exonucleolytic activity on single-stranded DNA. On the other hand, the purified BMRF1 Pol accessory subunit exhibited neither single-strand nor double-strand exonuclease activity (Fig. 1) . Thus, the BALF5 Pol catalytic subunit by itself can release deoxyribonucleoside 5'-monophosphates (dNMPs), as the only educts, from single-and double-stranded DNA substrates.
Directionality of the single-and double-strand exonucleolytic activities. The exclusive production of mononucleotides from both single-and double-stranded DNA substrates strongly suggests an exonucleolytic mode of attack for both DNA substrates. In order to obtain additional support for an exonucleolytic mechanism and to determine the site of initial attack by each of the two activities, the 5'-terminally labeled oligonucleotide 29-mer and the 29/45-mer hybrid was exposed to the BALF5 Pol catalytic subunit for various times. The samples were heat denatured and applied on 15% polyacrylamide-8 M urea DNA sequencing gels (see the legends of Fig.  4 sensitivity of the double-strand exonucleolytic activity of the BALF5 Pol catalytic subunit. As described previously (22) , the 3'-to-5' double-strand exonuclease activity of the EBV DNA Pol holoenzyme purified from EBV-producing lymphoblastoid cells was stimulated by ammonium sulfate when activated DNA-[3H]dGMP was used as the double-stranded exonuclease substrate. In sharp contrast, the exonuclease activity of the BALF5 Pol catalytic subunit alone is sensitive to salt concentration in a dose-dependent manner. To know whether the complex formation between BALF5 protein and BMRF1 protein results in the acquisition of the salt-stimulatory property, the salt concentration dependency of the double-strand exonuclease activity was determined after preincubation with the purified BALF5 protein and BMRF1 protein at 0°C for 20 min (Fig. 2A) stimulated gradually, and maximum stimulation was observed at around 50 to 75 mM ammonium sulfate. At 75 mM ammonium sulfate, the BMRF1 protein enhanced the doublestrand exonuclease activity fourfold compared with that of the Pol catalytic subunit alone. Thus, the salt-stimulatory property of the double-stranded exonuclease of the EBV DNA Pol holoenzyme was restored by the preincubation of both subunits in vitro.
In the absence of ammonium sulfate, the BMRF1 protein greatly inhibited the 3'-to-5' double-strand exonuclease activity of the BALF5 protein. BMRFI Pol accessory subunit has no effect on the salt sensitivity of the single-strand exonucleolytic activity of the BALF5 Pol catalytic subunit. To know whether the BMRFI Pol accessory protein also changes the salt sensitivity of the single-strand exonucleolytic activity catalyzed by the BALES Pol catalytic subunit, the salt concentration dependency of the single-strand exonucleolytic activity was determined. We used heat-denatured activated DNA [ (Fig. 3) . Rate Analyses of exonucleolytic products. (i) The BMRF1 Pol accessory subunit stimulates double-strand exonucleolysis by the Pol catalytic subunit. To visualize the exonuclease action, we used a gel electrophoresis assay. The double-stranded DNA substrate was oligonucleotide 29-mer labeled with 32P at the 5' end, hybridized to the complementary oligonucleotide 45-mer. The 45-mer complementary strand extends beyond the 3' hydroxyl terminus of the 29-mer strand. The exonuclease reaction was carried out in the presence of 100 mM NaCI and sampled at the times indicated in the figures discussed below. The oligonucleotide degradation products were heat denatured prior to application on a 15% polyacrylamide-8 M urea gel which resolves single nucleotide differences in length as discrete bands. With the EBV Pol catalytic subunit alone, low levels of double-stranded DNA exonucleolysis with 3-to-5' directionality were observed (Fig. 4) ; at the earliest time point, primers with n -1 nucleotides were the first ones observed followed by n -2 primers. Although the Pol catalytic subunit by itself exhibited a low level of 3'-to-5' exonucleolytic activity for the double-stranded DNA substrates, preincubation of the BALF5 Pol catalytic subunit with the BMRFI Pol accessory subunit resulted in the generation of primers of greatly reduced sizes with time (Fig. 4) . The reaction without added Pol verified the lack of nuclease contamination in the BMRFI Pol accessory protein (data not shown). Thus, it is strongly suggested that the Pol accessory subunit specifically interacts with the Pol catalytic subunit at the primer terminus to stimulate the double-strand exonucleolytic activity of the Pol catalytic subunit.
(ii) The BMRF1 Pol accessory subunit does not affect the single-strand exonucleolysis by the Pol catalytic subunit. To explore the single-strand-dependent exonuclease activity of the Pol catalytic subunit, we visualized the degradation of a 5'-32P-labeled single-stranded oligonucleotide 29 DNA sequencing gel. In contrast to the low level of doublestranded DNA degradation by the Pol catalytic subunit, a significant degradation of the single-stranded 29-mer occurred (Fig. 5) . This property is a common feature of the proofreading exonuclease associated with the replicative DNA Pols (12) . In order to test whether the BMRF1 Pol accessory protein may affect the single-strand exonucleolytic activity catalyzed by the BALF5 Pol catalytic subunit, we investigated the effect of the addition of the BMRF1 protein on the digestion of singlestranded DNA. The results in Fig. 5 revealed that the Pol holoenzyme reconstituted in vitro degraded the singlestranded 29-mer to the same degree as the Pol catalytic subunit alone did. Thus, the Pol accessory subunit did not affect the single-strand exonucleolytic activity of the Pol catalytic subunit, in contrast with the stimulation observed with doublestranded DNA substrates. This observation was in agreement with the results of the salt sensitivity assay in Fig. 2B .
In a stationary state, the BALF5 Pol catalytic subunit by itself binds the primer terminus tightly. To assess the stability of the Pol catalytic subunit at the primer terminus in a stationary state, challenger DNA experiments were performed (Fig. 4 and 5) . The Pol catalytic subunit and the 5'-32P-labeled 29-mer hybridized to the complementary 45-mer were preincubated for 10 min at 0°C in the absence of dNTPs to allow the enzyme to a form an initiation complex at the primer terminus. Excess amounts of challenger-activated DNA were added just before the exonuclease reaction mixture was incubated at 35°C for various times. The addition of the challenger DNA, however, made little change in the degradation pattern of the annealed 29-mer compared with that of the control experiment performed without the challenger DNA (Fig. 4) . The Pol catalytic subunit alone appears to bind to the annealed primer end during the preincubation time and to stay there without dissociation even by further addition of excess amounts of challenger DNA in a stationary state. Similarly, preincubation of the EBV Pol catalytic subunit with the labeled singlestranded oligonucleotide 29-mer was enough to prevent trapping of the enzyme by further addition of the challengeractivated DNA, as judged by the fact that no changes in the degradation pattern occurred (Fig. 5) . Thus, the BALF5 Pol catalytic subunit alone appears to bind tightly to the 3' termini of the single-and double-stranded DNA substrates and to degrade the DNA substrates without being transferred to the excess amounts of challenger DNA.
As the exonuclease reactions were performed under conditions of an excess of DNA substrate over the enzyme molecule, the recycling of the Pol catalytic subunit must occur to hydrolyze the single-stranded DNA substrate. However, the recycled Pol catalytic subunit was not trapped by the excess amount of challenger-activated DNA (Fig. 5) . Therefore, we speculate that the BALF5 Pol catalytic subunit by itself has a greater binding affinity for the 3' ends of single-stranded DNA substrates than that of partially duplex DNA. On the other hand, the exonucleolytic movement of the BALF5 protein on the duplex DNA substrate was very slow when the Pol catalytic subunit and the duplex DNA were present in the reaction (Fig.  4) . The BALF5 Pol catalytic subunit might remain to bind the duplex DNA substrate during the reaction without being trapped by the challenger activated DNA.
In a stationary state, the reconstituted Pol holoenzyme is unstable at the primer terminus. Next, the effects of the BMRF1 Pol accessory subunit on the stability of the Pol catalytic subunit at the primer terminus in a stationary state were examined. The BALF5 Pol catalytic subunit and the BMRF1 Pol accessory subunit were preincubated for 20 min at 0°C, and then the labeled 29/45-mer hybrid was added. After further incubation for 10 min at 0°C, excess amounts of challenger-activated DNA were added to the reaction mixture and then the reaction was incubated at 35°C for various times. The labeled partially duplex DNA degradation by the Pol catalytic subunit along with the Pol accessory subunit was strongly inhibited by the addition of excess amounts of challenger DNA, indicating that the reconstituted Pol holoenzyme at the primer terminus of the 29/45-mer hybrid was trapped by the challenger-activated DNA (Fig. 4) . Similarly, the addition of the challenger DNA resulted in strong inhibition of the single-strand exonucleolysis by the reconstituted Pol holoenzyme (Fig. 5 ). These observations strongly suggest the instability of the Pol holoenzyme at the template-primer junction in a stationary state. Therefore, we speculate that the BMRF1 Pol accessory subunit makes the Pol catalytic subunit dissociate from the primer terminus when it has become stalled.
Inhibition of 3'-to-5' exonuclease activity by ribonucleoside 5'-monophosphate. Ribonucleoside monophosphates are known to be potent inhibitors for the 3'-to-5' double-strand exonuclease activity of the EBV DNA Pol holoenzyme (18) .
Among them, GMP is the most potent and inhibits the exonuclease competitively with respect to the DNA substrate. The effect of GMP on the single-and double-strand exonucleolytic activities of the Pol catalytic subunit or the reconstituted Pol holoenzyme were examined. The evaluation of the inhibitory action was monitored on the polyacrylamide-urea gel. As shown in Fig. 6 , both single-and double-strand exonucleolytic activities of the BALF5 Pol catalytic subunit were inhibited by GMP. The addition of BMRF1 protein did not affect the inhibitory actions of GMP on the single-and double-strand exonucleolytic activities of the BALF5 Pol catalytic subunit.
Differential effects of dNTPs on the 3'-to-5' single-strand and double-strand exonucleolytic activities. To determine whether the 3'-to-5' exonuclease activity of the EBV DNA Pol holoenzyme is inhibited by the addition of dNTPs necessary for DNA synthesis, the effects of dNTPs on the single-and double-stranded DNA exonuclease activities of the BALF5 Pol catalytic subunit and the Pol holoenzyme reconstituted in vitro were monitored on 15% polyacrylamide-8 M urea DNA sequencing gels (Fig. 7) (Fig. 8C) (Fig. 8D) . Thus, the BMRF1 Pol accessory subunit does not affect the single-strand exonuclease activity at all. Therefore, we speculate that the 3'-to-5' exonuclease-active site of the EBV Pol holoenzyme binds and acts at the 3' end of the single-stranded DNA substrate. Alternatively, it is possible that the Pol accessory subunit does not make a complex with the Pol catalytic subunit in the absence of the primer-template junction. In vitro reconstitution experiments will clarify these possibilities.
Although the EBV DNA Pol catalytic subunit can, by itself, catalyze DNA synthesis on a primed single-stranded DNA molecule, its activity is greatly enhanced by the BMRF1 Pol accessory subunit. The interaction causes a large increase in the rate and processivity of the DNA synthesis (21) . In addition, we showed here that the accessory subunit increases the rate and processivity of the 3'-to-5' double-strand exonucleolytic activity of the Pol catalytic subunit, although the exonucleolytic processivity appears to be not so high as the polymerizing processivity. In both cases, stoichiometric concentration of the Pol accessory subunit toward the Pol catalytic subunit is required, suggesting the formation of a tight complex with the Pol catalytic subunit and the Pol accessory subunit. Why is BMRF1 protein required for the stimulation of DNA Pol and double-strand exonuclease activities? It is likely that the accessory protein forms a sliding clamp that causes the Pol catalytic subunit to remain bound to the same DNA molecule for a prolonged period during polymerization and exonucleolysis. We assume that the BMRF1 protein is required for binding to the duplex region of the primer end, since the BMRF1 protein exhibits a greater binding affinity for doublestranded DNA than for single-stranded DNA (19) .
A summary of the challenger DNA experiments and our tentative model for the stability of the Pol catalytic subunit and the Pol holoenzyme at the primer ends of single-stranded and partially duplex DNA substrates in a stationary state is illustrated in Fig. 9 and described below. (i) When the Pol catalytic subunit and partially duplex (Fig. 9A) or single-stranded DNA substrates (Fig. 9C) are present in the reaction, the initiation complexes formed by the Pol catalytic subunit and the primer ends of the DNA substrates appear to be stable as judged by the fact that the Pol catalytic subunit bound at the primer termini of the single-and double-stranded DNA substrates was not trapped by the excess amounts of challenger DNA. (ii) However, once the Pol catalytic subunit forms a complex with the Pol accessory subunit, the binding affinity of the Pol holoenzyme for the primer termini of partially duplex (Fig. 9B ) and single-stranded DNA substrates (Fig. 9D ) in a stationary state becomes weak because the degradation of the labeled single-and double-stranded DNA substrates was almost completely inhibited by the addition of excess amounts of challenger DNA (Fig. 4 and 5) . It is important to recognize that there is a major difference in the stability of the holoenzyme complex in a moving rather than stationary state. The Pol holoenzyme demonstrated the ability to form a very stable elongation complex during polymerization (21) . In contrast, we do not observe a stable Pol holoenzyme in the initiation step. For this reason, we propose that the maintenance of this complex requires a second factor, namely the translocation of the Pol. Without Pol translocation, the EBV Pol holoenzyme quickly decays to a conformation that does not hold the Pol in position in the DNA template. Since both polymerization and exonucleolysis are exothermic reactions, it is possible that the translocation transfers energy to the Pol holoenzyme as a result of these reactions. The EBV DNA Pol holoenzyme that becomes the high-energy state could exhibit high Pol processivity.
It is important to note the biological role for EBV DNA replication behind such a mechanism. Unlike the case of eukaryotic chromosomal replication apparatus, the EBV DNA Pol holoenzyme is used in the synthesis of both leading and lagging strands at the replication fork. According to the proposed model in Fig. 9 , the BMRF1 Pol accessory subunit appears to act to remove the Pol catalytic subunit from the primer terminus when it has become stalled. This feature would allow the rapid removal of the EBV DNA Pol holoenzyme from the lagging strand after it has replicated up to the previous Okazaki fragment and is an essential requirement for coupled DNA 
